Abstract CD73 (ecto-5'-nucleotidase) is a cell surface enzyme that regulates purinergic signalling by desphosphorylating extracellular AMP to adenosine. 59-nucleotidases are known to be expressed in brain, but the expression of CD73 and its putative physiological functions at this location remain elusive. Here we found, using immunohistochemistry of wild-type and CD73 deficient mice, that CD73 is prominently expressed in the basal ganglia core comprised of striatum (caudate nucleus and putamen) and globus pallidus. Furthermore, meninges and the olfactory tubercle were found to specifically express CD73. Analysis of wild type (wt) and CD73 deficient mice revealed that CD73 confers the majority of 5'-nucleotidase activity in several areas of the brain. In a battery of behavioural tests and in IntelliCage studies, the CD73 deficient mice demonstrated significantly enhanced exploratory locomotor activity, which probably reflects the prominent expression of CD73 in striatum and globus pallidus that are known to control locomotion. Furthermore, the CD73 deficient mice displayed altered social behaviour. Overall, our data provide a novel mechanistic insight into adenosinergic signalling in brain, which is implicated in the regulation of normal and pathological behaviour.
Introduction
CD73 (also known as ecto-5'-nucleotidase) is a key regulator of the extracellular nucleotide breakdown. Extracellular AMP can be hydrolyzed to adenosine by CD73, or converted to ADP by adenylate kinase. Adenosine has multiple signalling functions in many different tissues, since it can bind to four different receptors, A1, A2A, A2B and A3 [1] .
In the central nervous system (CNS), adenosine plays a critical role in controlling a multitude of neural functions [2] [3] [4] . Through the activation of its G-protein coupled receptors, adenosine is involved in diverse physiological and pathological processes such as in the regulation of sleep, general arousal state and activity, local neuronal excitability, and coupling of the cerebral blood flow to the energy demand. Moreover, manipulation of adenosine signalling may have therapeutic potential in neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and Huntington's disease, and in psychiatric diseases such as schizophrenia and autism [5] . Therefore, alterations in the adenosine concentrations could have dramatic effects on functions and behavior of the whole organism [6, 7] .
In contrast to the wealth of information on the role of adenosine in the central nervous system, almost nothing is known about the functions of CD73 at that location. Importantly, there are altogether seven different 5'-nucleotidases in man [8] , and therefore the contribution of CD73 to the adenosine production can basically only be dissected using gene-deficient mice. CD73 has been shown to regulate the vascular permeability and inflammatory balance in multiple organs, including inflamed brain [9] . Adenosine, in contrast to ADP (and ATP), is an antiinflammatory and a leakiness inhibiting molecule, and CD73 has been shown to mediate its cell migratory and vascular barrier functions mainly via its enzymatic activity, although other mechanisms may be involved as well [10] [11] [12] .
The role of CD73 in controlling behavioural aspects has remained unknown. Here we used CD73 deficient mice to dissect the contribution of CD73 to enzymatic activity of the purinergic signalling cascades in brain. Moreover, we performed comprehensive behavioural phenotyping of these mice using both traditional tests and automated monitoring in natural home-cage environment. The results reveal new functions for CD73 in controlling exploratory activities and social interactions. 
Materials and Methods

Animals
CD73 deficient mice were generated and back-crossed for 9 generations to C57/B16/J strain as described [12] . The CD73 deficient and the wild type B6 background strain (wt) mice were identified using one PCR reaction for the wt allele, and one for the recombined allele, as described.
Twenty-nine CD73 deficient mice (16 females, 13 males) and 38 wt (23 females, 15 males) were used for the primary behavioural phenotyping essentially as described [13, 14] . Additional 17 mice (9 CD73 deficient and 8 wt; all females) were used for the IntelliCage assays. Animals were kept under standard conditions (grouphoused 2-5 mice per cage in a mixed sex colony) with a 12 h/12 h lights on-off time (lights on at 6 p.m.), relative humidity 50-60%, and room temperature 21+/2 1uC. Food and water were available ad libitum. The mice were group-housed (2-5 animals per cage) Behavioural testing began at the age of 8 weeks. All experiments (with exception of IntelliCage experiments) were carried out between 9 a.m and 2 p.m.
Immunohistochemistry
Mice were anesthetized with pentobarbital and perfusion fixed with 4% paraformaldehyde (PFA). Brains were immersion fixed overnight, cryoprotected in 30% sucrose and freezed on dry ice. Floating sections (40 mm) were blocked with 2% bovine serum albumin (BSA) and 0.5% Triton X-100 in PBS, and incubated with rat antibody to CD73 (clone TY/23, BD Biosciences) for 48 h (5 mg/ml), followed by Alexa Fluor 488 conjugated goat anti-rat antibody (2 mg/ml, Invitrogen) and Alexa Fluor 488 conjugated donkey anti-goat antibody (2 mg/ml, Invitrogen). Antibody dilutions were made in 2% bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS. Thorough washings with 0.1% Triton X-100 in PBS were performed after each antibody incubation.
Enzymatic assays
Brains were rapidly dissected from the wt and CD73 deficient mice, divided to forebrain, middle brain and cerebellum fractions, excised and incubated with a lysis buffer (0.2% Triton X-100 in PBS). After a 2-hour incubation at 4uC, the lysates were centrifuged for 10 min at 15000 g and the supernatants stored at -70uC. Total protein concentrations in the lysates were determined by Protein Assay Kit (Pierce, Rockford, IL) according to manufacturer's instructions.
The standard enzyme assay was performed at 37uC in a final volume of 80 ml RPMI-1640 medium containing 4-6 mg brain lysate, 4 mmol/L b-glycerophosphate, various unlabelled nucleotides and tracer [2, H]ATP (Perkin Elmer), [ Radiolabelled nucleotides and nucleosides were separated by TLC and quantified by scintillation b-counting, as described [15] .
Individual behavioural tests
The tests in elevated plus maze, open field, light-dark exploration, Y-maze, hot plate, rota-rod, pre-pulse inhibition, fear conditioning, water maze and forced swim test [13, 14] and in olfaction [16] were carried out essentially according to the previously described procedures. The previously described order of individual tests was followed in the behavioural screen [14] .
Video tracking. During the elevated plus-maze, Y-maze, water maze, forced swim test and sociability test the paths of the mice were video-tracked by using a Noldus EthoVision 3.0 system (Noldus Information Technology, Wageningen, The Netherlands). The system recorded the distance travelled by the subjects, the time spent in pre-defined zones and the status of specified event recorder keys on the keyboard. The raw data were analysed by the same software.
Elevated plus maze. This test was used for assessment of unconditioned anxiety-like behaviour. The maze consisted of central platform (565 cm), two open (3065 cm) and two closed arms (3065615 cm) with transparent side-and end-walls, and it was raised to 38.5 cm above the floor. The mouse was placed in the center of the maze facing one of the enclosed arms and observed for 5 min. The following parameters were measured: the time spent in the closed and open arms, number of entries to the open and closed arms, latency to the first entry to the open arm, the distance travelled and the number of rearings.
Open field activity. Activity was measured in the Activity Monitor system (MedAssiociates, St. Albans, VT). The mice were released in the corner of the open field arena (30630 cm) facing the wall. Horizontal and vertical activities were recorded during 30 min. For the analyses, the arena was divided to a central (18618 cm square) and a peripheral zone, and the following parameters were calculated: the distance travelled, the distance and the percent of the distance travelled in the zones, the time spent in both zones, the number of entries to the centre, latency to the fist entry to the centre, and the time spent in vertical activity.
Light-dark exploration. The experiments were performed in the Activity Monitor system modified with a dark box insert that is opaque to visible light and designed to cover half the area of the open field arena (an opening 5.567 cm allowed free movement between the compartments). Animals were placed to the open part of the arena and monitored for 10 min. The total distance travelled, the distance and percent of the distance travelled in light and dark zones, the time spent in zones, latency to entries to the dark zone and the time spent in vertical activity were calculated.
Y-maze. Spontaneous alternation performance was assessed in a symmetrical Y-maze under reduced light conditions (,100 lx). Each arm was 30 cm long and 7 cm wide with transparent walls. Mice were allowed to explore the maze for 5 min, and the number and sequence of the arm entries were recorded. The percent of alternations was calculated as the number of alternations (entries into free different arms consecutively) divided by the total possible alternations (the number of total arm entries minus 2) and multiplied by 100 (e.g. visit sequence ABCCBAC contains 6 visits and 3 complete alternations, alternation 75%). In addition, the number of rearings, grooming behaviour and fecal boli were counted.
Hot plate. Standard hot plate (TSE Systems, Bad Homburg, Germany) was used for the assessment of nociceptive sensitivity. The plate was preheated to 52uC and the mouse was confined there by Plexiglas cylinder. Latency to show a hind paw response (licking or shaking) was taken as the pain threshold.
Rota-rod. The rota-rod test for motor coordination and motor learning was performed during 2 days and consisted of 3 subsequent trials per day with 1 h inter-trial intervals. Mice were placed on a slowly rotating drum (Ugo Basile, Comerio, Italy) that accelerated from 4 to 40 r.p.m. over a 5-min period. The latency to fall off was the measure of motor coordination, and improvement across the trials was the measure of motor learning.
Pre-pulse inhibition of acoustic startle reflex (PPI). Experiments for loco-motor gaiting assessment were performed in Acoustic Startle Reflex System (Med Associates, St. Albans, VT). Animals were restrained in round acrylic holders and placed on a piezoelectric platform inside an isolated chamber. The background white noise was 65 dB. After a 5 min acclimatisation the test was performed in three blocks. The first block consisted of 5 white noise acoustic stimuli (SS, 105 dB, 40 ms) presented alone with an inter-trial interval of 8-15 s. The second block protocol included 50 trials of 5 different types. One of them was a startle stimulus (SS) alone as in block 1. In the four other trial types the startle stimulus was preceded by an acoustic pre-pulse (PPS, 20 ms) of 68, 72, 76 or 80 dB. The delay interval between PPS and SS was 10 ms. The third block was exactly the same as the first one. The startle response was averaged over 10 trials from block 2 for each trial type. The pre-pulse inhibition for each pre-pulse stimulus intensity was calculated using the formula: PPI = 100-[(PPS +SS startle response/SS alone startle response)6100].
Fear conditioning. A computer-controlled fear conditioning system (TSE Systems, Bad Homburg, Germany) was used for assessment of contextual and cue-dependent memory. The protocol consisted of 3 sessions: fear conditioning on the first day, the contextual memory test 24 h after the training followed by a cue-dependent memory test under new conditions after 2 h. The training was performed in a clear acrylic chamber with grid flow (4 mm diameter, 9 mm distance) within a fear conditioned box. Illumination was about 550 lx and loudspeakers provided a constant, white background noise (68dB). After a 2 min acclimatisation, a conditioned stimulus was applied for 30 s (CS, 10 kHz tone, pulsed 5 Hz, 75dB). The tone was terminated by a footstock (US, 0.7 mA, 2 s). The second CS-US pairing was applied after 30 s. After each test the animal chambers were cleaned by ethanol. Contextual memory was tested 24 h after the training in the same chamber and same conditions without any stimulation of tone or shock. The distance travelled and the total time of freezing were measured by infrared beams during 180 s. Cue-dependent memory was tested 2 h later in a novel context. The novel context was a similar size black Plexiglas chamber with a flat floor. Light was reduced to 50 Lx. Before each trial the chamber was cleaned with propanol. After 120 s of free exploration in the novel context, the CS was applied for another 120 s. The distance travelled and the freezing time was measured over the whole test period.
Water maze. The test was used for analyzing spatial learning and memory. Water maze consisted of a black circular swimming pool (120 cm diameter) and a black escape platform (10 cm diameter) submerged 0.5 cm under the water surface in the center of one of four imaginary quadrants. Mice were released to swim from random positions facing the wall, and the time to reach the escape platform was measured in each trial (maximum time allowed to swim was 60 s). Two training sessions consisting of three trials each were conducted daily. The interval between trials was 4-5 min and between the sessions about 3h. The platform was in the same place during the three training days (6 sessions), and was moved thereafter to an opposite quadrant for the next 2 days (4 sessions). The transfer tests were conducted on the next day after completing the training to the hidden platform and the moved hidden platform (after the 6th and 10th sessions). The animals were allowed to swim for 1 min in the maze without available platform. The spatial memory was estimated by the time spent in the training zone around the platform (30 cm diameter) and in the corresponding zones on three other quadrants, and by the time in the training quadrant and the number of entries to the training zones. Additionally, the swimming distance and the time spent within 10 cm from the wall (thigmotaxis) were measured. After the water maze with the hidden platform, one session was conducted with a visible platform. Time to reach the platform was measured.
Forced swim test. This method is used to estimate behavioural despair in a stressful and inescapable situation. The mice were placed for 6 min in the glass cylinder (18 cm diameter, 25 cm high) filled with 15-cm-deep water (2361uC). The time of immobility (passive floating with only slight movements of the tail or one hind limb) was measured during the last 4 min of the test.
Olfaction. Olfaction was tested based on latency to sniffing and time spend in olfactory investigation of capsules with two different odors during 1 min trial. Cinnamon and cocoa were used as odors to be discerned in the test. Trials with cinnamon were repeated 4 times with 10 min interval. During the 5th dishabituation trial new odor (cocoa) was applied. The test was performed in a cage where the test mouse was acclimatizing for 20 min.
Assessment of barbering behaviour. Barbering behaviour was assessed by examining the hair and whisker loss in grouphoused males. Barbering was scored as 0 ( = intact hair), or 1 ( = loss of hair).
Tube test. The tube test was chosen to measure social dominance in mice [17] . Two mice of the same sex and different genotype were placed in the opposite ends of a 3063.5 cm transparent plastic tube and released simultaneously. The match ended, when one mouse completely retreated from the tube. The mouse remaining in the tube was the winner. Each animal was tested against all animals from the opposed group. The percent of lost matches as well as aggressive postures were scored for each animal. The matches, which lasted more than 2 min or in which the animals crossed over each other were not scored.
Resident-intruder test. The resident-intruder test was used to measure social activity and aggression in mice of both sexes. An intruder mouse (C57Bl/6J, same sex) was put in the cage, where the test mouse was acclimatizing for 30 min. The time spent in social activity (sniffing, hetero-grooming) and non-social activity (attack behaviour, digging, grooming and rearing) were recorded for 5 min.
Social novelty test. The social novelty test apparatus consisted of three rectangular compartments (18635618 cm) divided by Plexiglas walls with small openings allowing the animal to move between the compartments [18] . The test mouse was first allowed to habituate to the apparatus for 10 min. Sociability test: an unfamiliar mouse of the same sex (stranger 1) that had no prior contact with the test animal was placed in one of the side compartments. The location of the stranger 1 in either of the side compartments varied systematically between the trials. The stranger 1 mouse was enclosed in a small grid cage (7.5 cm diameter, 10 cm high) that allowed a snout contact between the bars but not biting or other fighting behaviour. The test mouse was then allowed to explore the whole apparatus for the next 10 min. The time spent in and entries into each compartment as well as the time spent sniffing near the unfamiliar mouse were recorded.
Social novelty preference. A second unfamiliar mouse (stranger 2) was placed in a cage in the chamber that was previously empty. The test mouse had a choice between an already-investigated mouse (stranger 1) and non-investigated unfamiliar mouse (stranger 2). Again, entries into the compartments as well as the time spent in each compartment and the time spent sniffing were recorded. The mice serving as unfamiliar ones had been earlier habituated to the test conditions. Strangers for the sociability and the social novelty tests were taken from separate cages.
Circadian activity. Using a Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments, USA), the animals were individually screened for their activity, food and water consumption for 72 h with the 12:12 light : dark cycle. Animals were placed to special individual cages with water and food available ad libitum. Data were automatically recorded every 30 min. Body weights were determined just before and after testing.
Behavioural assessments in IntelliCage (IC)
IntelliCage (NewBehavior AG, Zurich, Switzerland) allows fully automated monitoring of spontaneous and learned behaviour of mice in the home cage environment without stress of social isolation and handling [19] . Female mice were placed into 2 cages (Tecniplast 2000, 37.5655620.5 cm) in a genotype-mixed order. Bedding material and plastic shelters were used as environmental enrichment. Usual food was available ad libitum. Each cage contained 4 operant corners with 2 openings allowing access to the nozzles of the drinking tubes. The openings could be blocked by motorized doors. Access into the corners was provided via a tubular antenna reading the transponder codes. Subcutaneously (in the dorso-cervical area) implanted RFID transponders (T-IS 8010 FDX-B, DATAMARS, Switzerland) were used for the subject identification in the operant corners of IntelliCage. The implantation of the transponders was done one week before the experiment started. The system measures the number and duration of the visits to every corner, nose-pokes to the door areas and licking of the drinking tubes. The following test schedule was applied: free adaptation (7 days), nosepoke adaptation (4 days), adaptation to drinking sessions (3 days), corner preference learning in sessions (4 days), reversal learning in sessions (3 days). All tests started between 11.00 -12.00 am.
Free adaptation. the mice were allowed to explore new environment with all gates open and free access to drinking tubes. Exploratory activity (corner visits for the first 1 h and before darkness), locomotor activity (corner visits) as well as circadian activity, anxiety parameters (latency to the first corner visit, nosepoke and licking), drinking behaviour (number of lickings, % of visits with licking) and spontaneous alternations were analysed. Adaptation to nose-poke. All gates were closed at the beginning of module and mice were trained to poke into closed gates to reach drinking tubes. Only the first nosepoke of the visit opened the door for 7 s.
Adaptation to drinking session. gates were programmed to open after the first nose-poke only during two 1-hour periods, from 21:00 to 22:00 and from 02:00 to 03:00. Drinking sessions were applied for increasing the motivation to visit the corners and thereby providing defined time windows for testing learning.
Corner preference learning. during 4 days (8 sessions) the mice were trained to drink from only one corner. For each mouse a certain corner was programmed as the ''correct'' one where the first nosepoke of the visit was rewarded by opening the door and access to water during drinking sessions. One pair of mice (one wt and one CD73 deficient mouse) was assigned to each corner of the IntelliCage. Learning was measured as a percentage of visits to the ''correct'' corner.
Reversal learning. this test was used to assess the ability to relearn and extinct previously learned association. The mice had again access to water in one ''correct'' corner that was diagonally opposite to the previously used corner. Percentage of visits to the new ''correct'' corner and percentage of visits to the corner that was ''correct'' in the previous learning test were analysed.
Social behaviour. The last two nights of Corner preference learning and Reversal learning phases were chosen for assessment of social competition in the IntelliCage. The duration of visits in the correct corner during the first drinking session of the night was compared between wt and ko mice (8 pairs). In each mouse pair the animal that spent more time in the correct corner was designated as dominant.
Real time qPCR
RNA was isolated from mouse brain using Trizol (Invitrogen) and cDNA was synthesized using a Reverse-iT kit (ABGene). Primers specific for A1R (forward) 59-GTTTGGCTGGAA-CAACCTGA-39, (reverse) 59-ACACTTGATCACGGGCTCC-3 were used to determine gene expression levels and standardized to the GAPDH (forward) 59-CCCCAATGTGTCCGTCGTG-39, (reverse) 59-GCCTGCTTCACCACCTTCT-39 housekeeping gene using a SYBR-Green kit (ABGene) run on an ABI 7500 real time PCR system. To determine relative fold change (RFC), mRNA levels were normalized to the gene expression levels found in naïve wt mice, with 0.0 representing baseline values. Melt curve analyses were performed to measure the specificity for each qPCR product.
Statistics
Data were analyzed with two-way analysis of variance (ANOVA) with genotype and sex as independent variables. Prepulse inhibition, learning tests, CLAMS, rota-rod and activity data were analyzed with two-way ANOVA for repeated measures with amplitude, trial number or time as the repeated measure. Multivariate ANOVA was applied when measuring different parameters derived from the same test. In simple tests with one variable only, the t-test was used. Barbering data and data from dominance test in IntelliCage were analyzed with a Chi-square test. Results are given as means 6 SEM. Results were considered significant at P , 0.05. 
Results
CD73 is expressed in subcortical structures of the forebrain and in meninges
We studied the expression of CD73 using immunohistochemistry of wild-type and CD73 deficient mice. Specific and intense immunostaining was found in caudate and putamen that form the dorsal part of striatum (Fig. 1) . The olfactory tubercle that belongs to ventral striatum was also found to clearly express CD73. Globus pallidus, a component of the basal ganglia core together with striatum, displayed intense expression. Furthermore, choroid plexus and meninges were found to be positive in CD73 immunohistochemistry.
CD73 is the major 5'-nucleotidase hydrolyzing AMP in brain
The duration and magnitude of purinergic signalling is known to be governed by a network of purine-converting ectoenzymes ( Fig. 2A) abundantly expressed in various cells and tissues, including the brain [8, 20] . Since six other 5'nucleotidases in addition to CD73 have been described, we first analyzed the contribution of CD73 to the total AMP hydrolysis in the brain. Measurement of the rate of [ 3 H]AMP breakdown revealed markedly decreased activity in all brain regions (forebrain, midbrain and cerebellum) in the absence of CD73 (Fig. 2B) . Our data revealed that ecto-5'-nucleotidase/CD73 accounts for ,85-95% of all AMP-hydrolyzing capability in the murine brain.
We then determined the activities of other key nucleotide converting enzymes in the different parts of brain in the wt and CD73 deficient mice ( Figure 2C-E) . To that end, the lysates from the forebrain, midbrain and cerebellum were incubated with saturating concentrations of [ Figure 2D ). We found that all samples from both genotypes displayed significant nucleoside triphosphate diphosphohydrolase (NTPDase) activity with ATPase/ADPase ratio of ,5. Interestingly, ATPase activity was slightly but significantly upregulated in the forebrain of the CD73 deficient mice. No other genotypespecific differences in the ATPase or ADPase activity were found in any part of the brain. The counteracting adenylate kinase activity was also studied by determining the phosphoryl transfer from ATP into [ 3 H]AMP. We found that the adenylate kinase activities were similar in wt and CD73 deficient mice in all regions of the brain ( Figure 2E ). Together, these data suggest that a minor increase in the ATPase activity, probably as a compensatory mechanism, takes place in the forebrain of the CD73 deficient mice. However, despite of the dramatic decrease in the AMP hydrolysis, the activities of several other nucleotide-converting ecto-enzymes remain almost intact in the brain in the absence of CD73.
CD73 deficient mice do not differ from wt mice in most behavioural tests
Since enzymatically active CD73 was present in several brain regions, we speculated that the induction of the purinergic signalling through CD73-derived adenosine might be involved in controlling behaviour. To address this, we compared the wt and CD73 deficient mice in multiple behavioral tests performed both individually (summarized in Table 1 ) and also in the IntelliCage environment. For the assessment of anxiety level, three tests were performed: elevated plus-maze, open field and light-dark exploration. In these tests, the parameters reflecting anxiety-like behaviour were comparable in both genotypes (Table 1) . Furthermore, in the forced swim test for the assessment of depression-like behaviour the wt and CD73 deficient mice demonstrated the same level of immobility in an inescapable situation (Table I) . We found no significant genotype-specific differences in spontaneous alternation (Y maze), nociception (hot plate), motor coordination and motor learning, or in fearconditioning. Pre-pulse inhibition did not differ either from that observed in the wt mice although the startle response to acoustic stimulus without pre-stimulus was increased in the CD73 deficient mice (Fig. 3) , agreeing with novelty-induced hyperactivity in these mice (see below). Olfactory discrimination also appeared intact in the CD73 knockout mice (Fig. 4) . The results from the corner preference learning tasks in the IntelliCage supported the lack of differences in spontaneous alternation and spatial learning as measured by Y-maze and water maze (Fig. 5) . Thus, several behavioural parameters seem to be completely independent of CD73 activity.
Locomotor activity is increased in CD73 deficient mice
We found increased locomotor activity of the CD73 deficient mice in several assays. In the elevated plus maze, the CD73 deficient mice travelled longer distances than the wt mice (p = 0.0057; Fig. 6A) .The mice lacking CD73 demonstrated increased locomotor activity in the open field arena when compared to the wt animals (p = 0.004; Fig. 6B) .
Differences in the locomotor activity were also seen under undisturbed conditions in the home cages as revealed by IntelliCage studies. During the first phase of the study, when all mice had free access to all operant corners and water bottles, both groups performed about the same number of corner visits and visits with drinking behaviour. All mice had the same latency to the first corner visit and to visit of all four corners. The main difference in the activity started after 1 hour of novel environment exploration: the wt mice demonstrated progressive reduction in corner visits while the CD73 deficient mice remained active during the next 3 hours (F(5,75) = 3.87, p = 0.0036, two-way ANOVA, genotype and experimental time interaction) (Fig. 6C) .
Increased locomotor activity in the CD73 deficient mice was also observed in the circadian activity test when measured for 72 h using CLAMS (F(1,53) = 5.95, p = 0.02, ANOVA, main effect). The difference was observed during the dark period when the animals are naturally more active, whereas the light time activity was similar in both genotypes (Fig. 7A) . However, the increased dark-period locomotor activity in the CD73 deficient mice was not observed in IntelliCage (Fig. 7B) . One explanation for the different results could be a prolonged stress reaction during individual housing in small cages of CLAMS. We thus conclude that CD73 is normally needed to restrict exploratory activity.
Social behaviour is altered in CD73 deficient mice
Group-housed CD73 deficient mice showed a strong barbering habit, which manifested as big bald patches on the back (Fig. 8) . Those patches were found in all mice except in one mouse (barber) per cage. In cages with the wt mice, barbering was not so evident (7 cages of knockout and 7 cages of wt mice; barbering observed in 7 cages for the knockout and in 2 cages for the wt mice; Chisquared p = 0.0053). Regrowth of hair was observed within one week of individual housing for all animals.
In the tube test, the CD73 deficient mice retreated from the tube in about 60% of the trials (p,0.0001) without significant sex effect (Fig. 9A) . Nevertheless, the wt mice did not demonstrate any aggressive posture or fighting to push the CD73 deficient mice out from the tube. There was no difference between the genotypes in aggressiveness in the resident-intruder test either. At the same time, the CD73 deficient mice spent almost twice as much time as the wt mice (p,0.001) in social activity towards the intruder mice (Fig. 9B) .
In the social novelty test, there was no difference in time and frequency of entries to the chambers with stranger mice during sociability or novelty preference sessions. All mice demonstrated preference to the chamber with a stranger mouse in comparison to an empty chamber, and subsequently to a chamber with a new stranger mouse in comparison to a familiar mouse (an old stranger). However, the CD73 deficient mice spent more time in sniffing new strangers (p = 0.0426) or old strangers (p = 0.0262) than the wt mice (Fig. 9C,D) .
Behavioural assessment in IntelliCage allowed us to compare some behavioural characteristics obtained in individual standard tests with data obtained in social context with minimal human contact. In IntelliCage, the CD73 deficient mice showed more suppressive behaviour in drinking access competition allowing the wt mice to spend more time in the correct corner during drinking Altogether, these tests show that in the absence of CD73 the mice display increased social activities but decreased social dominance.
Discussion
CD73 is the major 59-nucleotidase generating adenosine in brain CD73 (ecto-5'-nucelotidase) is one of the several enzymes possessing 5'-nucleotidase activity. Other 5'-nucleotidases are structurally different from CD73 and expressed either in the cytoplasm or in mitochondria. 5'-nucleotidases are known to be widely expressed in the nervous system [20, 21] . Based on enzyme cytochemistry, 59-nucleotidases are predominantly associated with glial cells in the mature nervous system, while during development and regeneration they are active in the synaptic cleft. However, the expression analyses have been mainly based on enzyme cytochemistry that does not allow discrimination between different 5'-nucleotidases [22] . Thus, our immunohistochemical analysis using wild-type and CD73 deficient mice clearly discriminates the expression of CD73 from other 5'-nucleotidases in the brain. The prominent expression found in the basal ganglia core is in agreement with previous work based on detection of ectonucleotidase activities [21] , although assays based on the enzyme activity suggest a wider distribution compared to our results. With the exception of vascular expression of CD73 in the nervous system [9, 23] , immunohistochemical localization in brain based on specific anti-CD73 antibodies has remained unclear. Our current immunohistochemical findings indicate that within the brain parenchyma, the CD73 protein is present in the subcortical regions, especially in striatum and globus pallidus. Moreover, our functional analyses using CD73 deficient mice reveal that CD73 confers the majority of the 59-nucleotidase activity in the brain.
CD73 regulates exploratory locomotor activity
Adenosine has been shown to be involved in the regulation of wakefulness, sleep, learning and memory, fear, anxiety, motor functions as revealed by pharmacological or genetic tools [6, [24] [25] [26] . Therefore, we subjected the CD73 deficient mice to a broad battery of behavioural tests.
Hyperactivity was revealed in the CD73 deficient mice using several standard individual tests, such as open field, elevated plus maze and long-term monitoring using the CLAMS system. Increased locomotion in the absence of CD73 was also observed in IntelliCage, which allows long-term monitoring in normal social environment without stress of social isolation or human interference. Moreover, the results from IntelliCage suggest that the CD73 deficient mice display altered exploratory behaviour rather than simple hyperactivity. At the beginning of the experiment all animals explored a novel environment quite actively and then progressively decreased their activity with time. Four hours in a novel environment was enough for the wt mouse to become calm, while the CD73 deficient animals were still very active in their exploration.
Our finding of enhanced locomotor activity is in contrast with a recent study characterizing a different line of CD73 deficient mice [27] , where no hyperactivity in novel environment was observed. Moreover, those mice were characterized as exhibiting superior working memory and habituation along with reduced performance in rota-rod task. Neither of these findings was confirmed by our experiments. Differences in generation of the mutant mice, small sample size and different environmental conditions (e.g. individual housing) could explain these differences and warrant further studies regarding the effect of various environmental challenges on the phenotype of CD73 mice.
The observation of hyperactivity in CD73 deficient mice agrees well with the finding that CD73 is a major 59-nucleotidase generating adenosine in brain since adenosine is a global regulator of neuronal activity in brain, causing a basal inhibitory tone of behavioural activity [6] . Lack of CD73 thus causes a deficiency in adenosine-dependent signalling that cannot be compensated by other 59-nucleotidases of brain. High expression of CD73 in the striatum suggests involvement of A2A receptors in mediating the observed locomotor phenotype. Indeed, adenosine A2A receptor antagonists produce motor effects in animal models [28, 29] and there is considerable interaction between adenosine and dopamine receptors in the striatum that subsequently influences spontaneous locomotor activity [28, [30] [31] [32] .
Modulation of social behaviour in CD73 deficient mice
We observed increased spontaneous and circadian activity in the CD73 deficient mice in individual testing, but not when the mice lived in groups. This suggests that behaviour of the CD73 deficient mice is strongly dependent on their social environment. Therefore, we analyzed their social interactions more carefully. The CD73 deficient mice showed intensive barbering behaviour. In group-housed mice barbering is an intensive form of heterogrooming [33] . Barbering can represent social hierarchy in an animal group with dominant animals acting as barbers. Our findings thus suggest that the CD73 deficient animals may have a clearer social organisation.
The tube test measuring dominant behaviour demonstrated that the CD73 deficient mice were less persistent than wt mice in pushing their opponent of the opposite genotype out from the tube. The resident-intruder test supported the idea about more intensive social behaviour in the absence of CD73. The CD73 deficient mice spent visibly more time in different kinds of social interactions, such as hetero-grooming, sniffing and observing the intruder without fighting and clear aggressiveness. In the assessments of the sociability level and preference to social novelty [18, 34] , the CD73 deficient mice spent more time in direct sniffing of the first stranger. This suggests that social contacts and interactions initiated in the absence of CD73 are more prolonged and persistent than those of the wt mice. The increased social activity found in the CD73 deficient mice is probably related to and well in line with the enhanced exploratory locomotor activity found in these mice in open field and IntelliCage tests.
It is noteworthy that the mice lacking A2A or A1 receptors display enhanced anxiety and aggression [35, 36] . Moreover, the mice selectively bred for maternal aggression exhibit significantly enhanced levels of adenosine A1 receptors [37] . These findings together with our observations strongly suggest involvement of adenosine in modulation of social behaviour.
Preserved sensory and memory functions in CD73 deficient mice
Mature retina and olfactory bulbs are rare examples of tissues in which spontaneous synaptic turnover occurs in adulthood. Schoen and Kreutzberg have shown that this persistent synaptic change in olfactory bulbs involves expression of 5'nucleotidases at synaptic contacts in adult rats [22, 38] . Olfaction is a critical function for normal adaptation to environment, social behaviour and social self-determination of mammals. Rodents use it to explore novel environment, and unfamiliar conspecific pups learn to find their mothers and later in adulthood partners for mating. Abnormalities of the olfactory system can thus affect social learning [39] , social behaviour by itself and exploratory strategy [40, 41] . In addition, neurological/neuropsychiatric disorders such as Alzheimer's [42, 43] , Parkinson's [44, 45] and Huntington's [46] diseases are associated with olfactory deficit. Importantly, we did not see any evidence about abnormalities in the olfactory system in the CD73 deficient animals. This suggests that their abnormalities in locomotor activity and social behaviour are not connected to the olfactory system and that other, non-CD73 5'-nucleotidase species are operational in olfactory bulbs.
CD73 was very recently reported to inhibit nociception due to adenosine production in nociceptive circuits. The function in nociception was revealed under sensitized conditions but not under basal conditions [47] . These findings agree with our analysis that did not reveal a genotype difference in nociception under basal conditions.
We were not able to detect any difference in learning and memory (assessed by spatial water maze, fear conditioning and IntelliCage) in our CD73 deficient mice, although evidence exists for purinergic signalling to be implicated in learning and memory [24, 27, 48, 49] .
Concluding remarks
Our results open up new avenues for understanding the specific role of CD73/ecto-5'-nucelotidase, over the other 5'-nucleotidases, in the brain. They reveal that locomotor activity and social contacts are behavioural patterns which are normally controlled by CD73 activity. It is worth noting that changes in these behavioural patterns belong to endophenotypes (for the endophenotype concept, see [50] ) of common behavioural disorders, such as schizophrenia [51] and autism [52] . Furthermore, changes in adenosinergic signalling have been previously linked to behavioural disorders, including schizophrenia [53] . The finding that CD73 is a major regulator of adenosinergic signalling in brain may provide a tool for pharmaceutical intervention in behavioural disorders.
Our finding that CD73 is prominently expressed in striatum agrees very well with the behavioural analysis since striatum is best known for its role in planning and regulation of movement pathways. It is also worth noting that striatal dysfunction is associated to Parkinsons and Huntingtons diseases characterized by movement disorders. Furthermore, we have found CD73 expression in the olfactory tubercle within the brain, an area regulating social behaviour and locomotion [54] . However, further work is warranted to reveal how the CD73/adenosine-dependent signalling in these locations is transmitted to the complex receptor system of purinergic signalling including different adenosine receptors and their interactions with dopamine and glutamate receptors.
